Organometal trihalide perovskite solar cells have been rapidly developed and attracted much attention in recent years due to their high photoelectric conversion efficiency and low cost. Pulsed laser deposition (PLD) is a widely adopted technology which is used in the preparation of thin films, especially oxide thin films. With this technology, the thickness and composition of films can be conveniently and accurately controlled. In the structure of perovskite solar cells, TiO2 layer working as the n-type semiconductor is used to block holes and transport electrons into electrode, which is crucial for the performance of whole devices. We introduced the PLD technique into preparation of TiO2 layer. In comparison with common spin coating method, TiO2 layer prepared by this technique is ultrathin and more compact.
Introduction
Due to serious environmental issue produced by traditional fossil fuels which are also unable to meet fast increasing energy requirement of modern society and industry， renewable clean resources are essential for the development of human society. 1 Solar energy as the most abundant energy resource can meet the demand of human if they are utilized effectively and can be mainly achieved by solar photovoltaic cells currently. 2 Among all sorts of solar cells, organic-inorganic halide perovskite solar cells (PVSCs) remarkably attracted great attention and developed very fast in the past few years due to its rapid increase of power conversion efficiency (PCE) and low fabrication cost. 3, 4 The organic-inorganic halide perovskite materials with formula ABX3 (A cations are organic macromolecule, B cations are metal elements and C anions are halogen elements) have cubic crystal structure 5, 6 and possess many merits such as long diffusion lengths, 7 appropriate direct bandgap, 1 high absorption coefficient 8 and low trap state density 9 . Currently, the highest PCE of PVSCs has reached 22.1% and the theoretical upper limit of PCE is 31%. 10, 11 The electron transport layer in PVSCs plays a crucial role because its function is to prevent carriers from directly contacting the conductive substrate which results in serious charge carrier recombination.
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Titanium dioxide (TiO2) is one of the commonest and excellent materials applied in photovoltaic devices as the electron transport layer (ETL) since it is a wide-bandgap semiconductor and fairly transparent. 12 TiO2 has three crystal structure:
rutile, anatase and brookite, 13 and the TiO2 layers used in PVSCs with single-phase anatase crystal have excellent optical property which are generally prepared by chemical method at temperature higher than 500 o C. 14, 15 Pulsed laser deposition (PLD)
is a well-known technology, which is widely used to fabricate oxide thin films owing to its advantages: the simple system operation, a wide range of deposition condition, rich choice of materials, and so on. 16 Most importantly, with PLD, high-quality thin films with high reproducibility can be prepared by the adjustment of deposition temperature, laser frequency, the gas introduced and partial pressure, selected substrate and other conditions. 17 As we all know, solution methods which are widely applied in PVSCs like spin coating are unable to deposit uniform thin films of large area so that they cannot be used in preparation of massive-area solar cells. 18 So, new technology is essential to be adopted in preparation of c-TiO2 layers. Now, the common technique applied in preparation of large-size perovskite solar cells is spray pyrolysis. 19, 20 However, preparation of c-TiO2 can be easily influenced by different operator and surrounding conditions. In comparison with the spray pyrolysis, the preparation of c-TiO2 layers can be controlled easily and accurately by PLD. We can adjust the thickness and control the quantity by controlling the deposition parameters, such as pulse number, laser energy density, vacuum pressure, gas, annealing temperature and so on. In this 4 work, we introduce PLD to prepare c-TiO2 layers in CH3NH3PbI3-based PVSCs. 21 We explore the optimum preparing conditions of c-TiO2 layer prepared by PLD, which is more uniform and thinner with optimum thickness of 32 nm than that of c-TiO2 layers prepared by spin coating whose optimum thickness is beyond 60 nm. 22 
Experimental details
Firstly, we chose F-doped SnO2 (FTO) glass as substrate which was cut into the size of 2 cm×2 cm. Then we cleaned the substrates with detergent water, deionized water and absolute ethyl alcohol by ultrasonic. The following step was the preparation of TiO2 layer by PLD. We prepared the target with pure TiO2 powder and annealed it at 800 o C for 4 hours. Subsequently, we put the cleaned FTO glass substrate and target into the chamber with base pressure of less than 10 -3 Pa. The wavelength of the excimer laser was 248 nm and the laser energy was set to 100 mJ. The target to substrate distance was 5 cm. We set pulse repetition rate to be 5 Hz at room temperature and the film thickness was controlled by pulse number. The substrate was ) is produced and deposit on FTO glass. 24 As shown in the inset image in Figure 1 , FTO glass selected as the substrate is fairly transparent before deposition and became a bit black after depositing 32 nm thick c-TiO2 layer.
Subsequently, the c-TiO2 thin film prepared by PLD got transparent after annealing in air. EDS spectra of the thin film before and after annealing, shown in Table S1 , reveal that the atomic ratio of Ti/O significantly decreases from 0.7 to 0.57 after annealing, indicating the evident existence of oxygen vacancies in the as-prepared thin films and effective remove of oxygen vacancies after annealing in air for enough time.
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Subsequently, we measured the light absorbance spectrum of bare FTO glass, 32 nm thick pre-annealed and post-annealed samples deposited on FTO glass which is displayed in Figure S1 (a). It is obvious that the post-annealed sample whose absorbance coefficient is lower than 0.4, which could transmit more light than the pre-annealed one with the absorbance coefficient approaching 0.5. Thus, more oxygen vacancy could lead in a non-transparent color of c-TiO2 layers so that less light can be absorbed by perovskite layers in devices. What's more, according to Figure S1 (b), we can see that the intensity of PL peak for post-annealed c-TiO2 layers is obviously lower than that of peak for pre-annealed c-TiO2 layers. This indicates that oxygen vacancy is disadvantageous for electron extraction and transport from perovskite to the ETL, resulting in higher charge carrier recombination. 25 In addition, the intensity of PL peak for post-annealed c-TiO2 layers prepared by PLD is larger than that for c-TiO2 layers prepared by spin coating post-annealed c-TiO2 layers, which demonstrates that more compact ETL can contribute to decreasing of charge carrier recombination and mobility of charge carrier into the FTO layer. Figure S2 shows the optical transmission spectrum of FTO glass and the 32 nm thick post-annealed c-TiO2 layer on FTO glass. Referring to this spectrum, we can find that FTO glass as the substrate shows transmittance from 60 % to 80% in the wavelength range 400-800 nm and the value of transmittance for the sample is around 50% -70% in the visible region and sharply decreases to 0 % in the ultraviolet range in accordance with the characteristic of c-TiO2 layers. 26, 27 The relationship between the thickness (y) of c-TiO2 thin films and pulse number (x) can be linearly fitted using an equation: y (nm) 8 =0.00843x, which is displayed in Figure S3 .
Spin coating is a common method widely used in preparation of c-TiO2 thin films. 28, 29 . We deposited a 32 nm thick c-TiO2 thin films (4000 pulse) on FTO glass by PLD (the device shows the best performance). In comparison, another TiO2 thin film was prepared by spin coating whose optimum thickness in our preparation was nearly 100 nm. 
±2.275 nm).
As is shown in Figure 5 Table S2 . The cross-sectional SEM image of PVSCs fabricated in our work is exhibited in Figure S4 . The device is comprised of a 100 nm thick Ag electrode, a 200 nm thick HTL, a 250 nm thick MAPbI3 layer, a 160 nm thick m-TiO2 layer, a c-TiO2 layer of various thickness (4 nm to 40 nm) on a FTO glass substrates.
As shown in Figure 7 (a), it is obvious that the PCE of devices gradually increases when the thickness of the c-TiO2 layer increases to 32 nm and then decreases with further increasing thickness above 32 nm. The range of PCE of devices with 32 nm thick c-TiO2 layers is from 11.28% to 13.95%, which is higher than that of the others. As shown in Figure S6 , an as-prepared 400 nm thick TiO2 film is black while 11 becomes transparent after annealing it at 500 o C in air for enough time, indicating the high concentration of oxygen vacancies in thick as-prepared TiO2 layer. This is due to that increased thickness is disadvantageous for the removal of internal oxygen vacancies too far away from surface of thick as-prepared TiO2 film. Oxygen vacancy related defects are adverse for transport of charge carrier, leading to the evident decrease of Jsc. 34 Remnant of oxygen vacancy can cause worse light transmitting mentioned previously. In addition, increasing thickness of TiO2 film also slightly add series resistance of devices which can reduce Jsc of devices. 23 An appropriate thickness for c-TiO2 layers prepared by PLD can allow us to obtain a best performance of devices and the optimum thickness is around 32 nm. It should be noted that a smoother substrate compared with FTO can result in a smaller optimum thickness than 32 nm. 35 The ultrathin TiO2 layer is also beneficial for light transmitting to CH3NH3PbI3 layer, causing more light to be absorbed and transform into electrons and decreasing series resistance which can obviously improve performance of devices, especially in planar-structured solar cells. 36 
Conclusion
In summary, c-TiO2 layers with various thicknesses were prepared by PLD, and applied as ETL in the MAPbI3-based solar cells. TiO2 layers prepared by PLD can be more uniform and compact, which may contribute to produce large area PVSCs. By analyzing the performance and EIS spectra of devices, the optimum thickness of c-TiO2 layers has been determined to be around 32 nm which is much thinner than 
